<]
TUDelft

Delft University of Technology

Highly Compact Partial Power Converter for a Highly Efficient PV-BESS Stacked
Generation System

Granello, Pierpaolo; Schirone, Luigi; Bauer, Pavol; Miceli, Rosario ; Pellitteri, Filippo

DOI
10.1109/SMART55236.2022.9990160

Publication date
2022

Document Version
Final published version

Published in
Proceedings of the 2022 Second International Conference on Sustainable Mobility Applications,
Renewables and Technology (SMART)

Citation (APA)

Granello, P., Schirone, L., Bauer, P., Miceli, R., & Pellitteri, F. (2022). Highly Compact Partial Power
Converter for a Highly Efficient PV-BESS Stacked Generation System. In Proceedings of the 2022 Second
International Conference on Sustainable Mobility Applications, Renewables and Technology (SMART) (pp.
1-6). (2022 2nd International Conference on Sustainable Mobility Applications, Renewables and
Technology, SMART 2022). IEEE. https://doi.org/10.1109/SMART55236.2022.9990160

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1109/SMART55236.2022.9990160
https://doi.org/10.1109/SMART55236.2022.9990160

Green Open Access added to TU Delft Institutional Repository

'You share, we take care!’ - Taverne project

https://www.openaccess.nl/en/you-share-we-take-care

Otherwise as indicated in the copyright section: the publisher
is the copyright holder of this work and the author uses the
Dutch legislation to make this work public.



2022 Second International Conference on Sustainable Mobility Applications, Renewables and Technology (SMART) | 978-1-6654-7146-6/22/$31.00 ©2022 IEEE | DOIL: 10.1109/SMART55236.2022.9990160

2022 Second International Conference on Sustainable Mobility Applications, Renewables and Technology (SMART)

Highly Compact Partial Power Converter for a Highly
Efficient PV-BESS Stacked Generation System

Pierpaolo Granello and Luigi Schirone

Scuola di Ing. Aerospaziale
Sapienza University of Rome
Rome, Italy
Email: pierpaolo.granello@uniromal.it
luigi.schirone@uniromal .it

Abstract— The inherently intermittent nature of
photovoltaic (PV) energy has brought increasing interest
towards the integration between PV sources and Battery
Energy Storage Systems (BESS). In this paper, a Series
Partial Power Processing (PPP) converter based on
Capacitive Power Transfer (CPT) is proposed to integrate
PV and BESS in a grid-connected inverter system. The
proposed converter has been simulated according to a PV
string capable to provide 1430 W under full irradiance
conditions, a BESS nominal voltage equal to 215 V and a
solar inverter assumed to operate with a minimum voltage
of 150 V and a maximum current of 10 A. Simulation tests
carried out at different conditions of solar radiation and
required load power aim at demonstrating the correct
operation of the proposed system.

Keywords — DC/DC Power Conversion, Partial Power
Processing, Switched Capacitor, Capacitive Power
Transfer, Battery Energy Storge Systems, Photovoltaic.

I. INTRODUCTION

In the frame of a more sustainable society, massive
electrification of essential goods and increasing use of
renewable energies is going to occur in the near future.
Design optimization of power electronics and electrical
machines will play a major role for an actually efficient
and sustainable operation in different applications [1-4].

In the case of grid-connected PV inverter systems,
several solutions regarding the PV-BESS integration have
been investigated, as widely reported by scientific
literature. The main drawback arising from these solutions
is represented either by the relatively low efficiency of
power converters as they process the full power flowing
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between PV and the storage system, or by the high cost in
case of high-voltage BESS [5].

Recently, the interest towards solid-state power
conversion stages processing only a partial part of the
total flowing power, commonly referenced as Partial
Power Processing (PPP) circuits, Differential Power
Processing (DPP) circuits or fractional power processing
circuits, is growing due to the increasing number of
applications which might benefit from their advantages,
for instance PV [6] and BESS [7].

Accordingly, an attractive method to avoid both Full
Power Processing (FPP) and high-voltage BESSs is to
partialize the energy that the power converter has to
process by connecting in series the PV source with the
BESS [5]. This solution is implemented by the scheme in
Fig. 1, highlighting the well-known Series Partial Power
Processing (S-PPP) applied to the series connection
between PV and battery. The PPP converter regulates the
compensation current Inqe, as a result of the difference
between the PV and BESS current, while providing a
regulated DC link to supply the grid-connected inverter
with an input voltage which is sum of the PV and the
BESS wvoltage. The Series-PPP architecture is also
generally attractive because, as reported in [6], it is more
efficient than the Parallel PPP architecture, and provides
the lower components’ voltage stress as well when
compared to the parallel one. Moreover, in the case of
Parallel-PPP converter there is a threshold voltage gain
above which the resulting system power conversion
efficiency becomes less efficient than the relative FPP
auxiliary power converter.
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Fig. 1a): S-PPP converted applied to the PV-BESS series connection

In the case of Series-PPP architecture this limitation is
overcome, as even if the processed power by the
converter increases, together with its voltage gain, the
resulting system efficiency is always higher with respect
to the relative FPP solution.

The Series-PPP architecture results in a non-isolated
conversion system even if isolated topologies are involved
for the power converter, so that the galvanic isolation is
lost in PPP circuits where isolated power conversion
topologies are involved, thus making the requirement for
galvanic isolation unfeasible. Nevertheless, some non-
isolated topologies shall not be employed for the PPP
implementation due to potential short circuits, as a non-
direct ground connection is a mandatory requirement for
PPP solutions.

Some non-isolated topologies could be employed for
PPP, but at the cost of obtaining an equivalent FPP
components’ applied voltage or current stress.
Consequently, the main advantage of processing only a
partial part of the power in the conversion stage with a
reduced components’ stress would be lost, which is the
main reason why aiming towards the power density of
PPP converters is convenient. Accordingly, the use of
isolated topologies is strongly recommended for PPP
implementation [8], [9], as isolated topologies in Series-
PPP configuration might also exhibit advantages in terms
of components applied stress, thus driving towards a
higher overall system efficiency.

inverter

inverter

GRID

Fig. 1b):Current source Inode, equivalent to the S-PPP scheme

Among the isolated DC-DC converters, topologies
based on transformer or coupled-inductors add
complexity, weight and cost to the system design, thus
limiting its power density and forcing to deal with core
and copper losses. Power converters using Switched
Capacitors (SC) technology offer an alternative which
might reduce the need for magnetic components [10],
[11]. Application of this type of converters has been
limited for long time to low power levels, due to the lack
of a capacitor technology able to deliver sufficient high
voltage, temperature and frequency ratings. Recently,
increasing attention to SC converters has been paid
regarding high power and automotive applications [12], as
various hybridized topologies inspired from the switched
capacitor domain have been proposed to enable the use of
lower voltage devices [13], [14], [15], [16].

Accordingly, inspired on Wireless Power Transfer
(WPT) and SC technology, the Capacitive Power Transfer
(CPT) is being proposed as it allows the power transfer
through metal barriers leading to high design flexibility,
low cost of the coupling interface and low eddy current
losses [17]. The CPT has been widely researched in some
fields such as EVs wireless battery charging [18], [19]
and power supplies for LED applications [20], [21].

The use of CPT represents a valid alternative to
magnetic isolated technologies, potentially leading to
highly compact conversion stages with respect to the use
of the latter technological solution. Moreover, recent
technological advancements allowed ceramic capacitors
to achieve higher voltage ratings and capacitance values
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in a compact footprint, still retaining remarkable
frequency and temperature stability. Among the different
works known in literature, SC technology for CPT has
been researched mostly for low power applications [20-
23], while recent works are focusing on extending its
application for higher power conversion. Accordingly, the
CPT functionality has been assessed for a 2.5 kW power
converter in [24].

Switched Capacitors (SC) converters then provide a
feasible solution to implement performant isolated DC-
DC converters. In this paper an isolated bidirectional Dual
Active Bridge DC-DC converter based on CPT is
proposed for the PV-BESS series integration in Series-
PPP configuration, capable of controlling step-up and
step-down conversion in the relevant power conversion
direction. A work on low power PPP CPT converter for
LED driving is available in literature [21], assessing a
relatively high conversion efficiency within a compact
converter design.

This technology however requires particular attention
for peak current control during turn-on transients in order
to maximize its conversion efficiency. This work focuses
on the optimal design of a Series PPP CPT for the
proposed application. The proposed converter has been
simulated considering a maximum power level of around
1.5 kW and different conditions of solar irradiance in
order to evaluate its correct behaviour.

II.  THE PROPOSED CONVERTER

The proposed converter, whose schematic is shown in
Fig. 2, provides capacitive insulation between input and
output with conversion ratio ideally equal to 1. The circuit
consists of a full-bridge inverter on the source side and a
full-wave diode rectifier on the load side, whose phase
nodes are connected by the insulation capacitances Ca and
Cb.
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Fig. 2: CPT isolated Full Bridge converter circuit

L.-C;i and Ly-C, represent the input and output passive
filters used to smooth the current ripple generated by the

converter towards the external sections and responsible
for potential electromagnetic interferences. A detailed
description of the circuit operation has been reported in
[24]: by driving the switches S1-S4 in phase opposition
with S2-S3 and with a 50% duty cycle, the full-bridge
inverter provides a pulsed square wave with amplitude
equal to the input voltage Vi and frequency equal to the
switching frequency fs.

Care shall be addressed towards the maximum voltage
rating of the insulation capacitors, in order to be
compliant with the full voltage isolation requirements.
Indeed, the insulation voltage can be modelled as a
voltage source between the ground reference levels of
input and output sides, which, according to the circuital
analysis, corresponds to a DC offset voltage
superimposed on the capacitors’ voltage ripple.

In this paper, as shown in Fig. 3 the dual-active bridge
version of the described converter is proposed, consisting
of the full-wave active bridge S5-S6-S7-S8 in place of the
passive diode rectifier D5-D6-D7-D8. This allows also to
control the required bi-directional power transfer to offset
current Inoqe between the BESS, PV and the inverter.
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Fig. 3: CPT isolated Dual Active Bridge converter circuit

Therefore, the proposed converter can be properly
used to implement the previously mentioned BESS
current compensation in the series partial power
processing architecture based on the series connection
with a PV module, according to the schematic shown in
Fig. 4.

Accordingly, the battery is supposed to be capable of
either supplying the inverter or to be recharged by the PV
module when needed.

Particular care should be addressed to the maximum
DC voltage of the insulation capacitors, since it has to be
equal to the PV string voltage.
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Fig. 4: CPT isolated Full Bridge converter circuit

In order to evaluate the system operation different
simulation tests have been performed by means of the
software PLECS. For the system modelling common PV
and Inverter specifications have been taken into account,
and the BESS voltage has been sized to achieve the
optimum working point. The main system features are
given in Table 1.

For the simulation a series connection of 22 modules
BP-365 65W has been considered for the PV string
modelling, which is thus capable to provide 1430 W
under full irradiance conditions. The solar inverter is
assumed to operate with a minimum voltage of 150 V and
a maximum current of 10 A. The battery stack is
composed to achieve a nominal voltage of 215 V.

Due to the 500 kHz switching frequency of the S-PPP
converter, the isolation capacitors, for instance Ca and Cb,
have been sized with a value of 10 pF in order to make
their voltage drop negligible and not introduce a negative
DC offset which would consequently limit the voltage
conversion ratio of the converter [24].

III. SIMULATION TESTS

According to the reported specifications, a set of
simulation tests has been carried out under different solar
radiation conditions, to estimate the correct converter
behaviour.

TABLE 1: SYSTEM SPECIFICATIONS

BESS Vpess =215V
Egess = 5 kWh
Isc=4A
@ 1000 W/m? Voc =480V
Pmax = 1.43 kW
Isc=2A
PV STRING @ 500 W/m? Voc =460 V
Pmax =690 W
Isc=04A
@ 100 W/m? Voc=415V
Pmax =150 W
Ve =(150+450) V
INVERTER
Liennvmax = 10 A

Under AM 1.5 irradiance, the PV is providing its full
power and mainly supplies the inverter. The
compensation current is thus positive and the S-PPP
converter is recharging the BESS, whereas the inverter
input voltage is increasing with the increasing BESS state
of charge. If the PV module irradiance gets lower, the
BESS charging power reduces accordingly.

A working stall point is reached whenever the inverter
sinks enough power from PV so that the BESS is neither
recharging nor discharging as the compensation current is
zero. Whenever the inverter sinked power gets higher to
move the system working point above this stall, be it due
to a higher sinked inverter power or due to a reduced PV
irradiance, the BESS shall fill the power gap and keeping
the PV in MPPT as well.

Accordingly, as the compensation current goes
negative under these working conditions, the BESS
discharges to supply the S-PPP which in turn injects
current in the inverter node, thus providing the current
missing difference and filling the power gap.

The S-PPP proposed converter has been simulated
according to a pulsed square wave with a 500 kHz
switching frequency, 50% duty-cycle with a 2.5% dead
time, which is required to avoid current shoot-throughs
due to the switching operation.

In Fig. 5 voltage and current waveforms of the
insulation capacitances are shown, according to the gate
signals applied on MOSFETs S1-S4-S5-S8 (green colour)
and S2-S3-S6-S7 (red colour). Fig. 5a) refers to the BESS
in discharging mode, since the grid requires power from
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Fig. 5a): Simulation plots during BESS discharging state
(Tae,inv = 10 A; solar irradiance = 1000 W/m?)

both PV and BESS; the compensation current (see Fig. 1)
is negative and therefore when S1-S4-S5-S8 conduct,
which is when I¢, is positive. Fig. 5b) refers to the BESS
in recharging mode, since the current required from the
grid-connected inverter is lower, thus allowing the BESS
to go out of the discharging mode and be recharged from
the PV; the compensation current is thus positive when
S1-S4-S5-S8 conduct, which is when Ic, is negative.

IV. CONCLUSIONS

This work proposed the idea of the Series Partial
Power Processing (S-PPP) as solution to integrate a
Battery Energy Storage System (BESS) with a PV
module in order to continuously supply the grid-
connected inverter. The PPP consists of processing less
power than a full power processing and therefore allows
to increase the overall power transfer efficiency.

To implement the S-PPP concept, an isolated
Switched Capacitor power converter based on a Dual
Active Bridge based on Capacitive Power Transfer
(CPT) was proposed. According to the regulation of the
compensation current, defined as the difference between
the PV current and the BESS current, the converter is
capable to properly regulate the DC-link voltage
supplying the solar inverter while recharging the battery
stack if the load power is low.

Simulation tests have been performed on the
proposed converter, assessing the correct operation of
the system during both BESS charging and discharging
modes, while considering a PV string capable to provide
1430 W under full irradiance conditions, a BESS
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Fig. 5b): Simulation plots during BESS discharging state

(Ise;nv = 1 A; solar irradiance = 1000 W/m?)

nominal voltage equal to 215 V and a solar inverter
assumed to operate with a minimum voltage of 150 V
and a maximum current of 10 A.

The proposed application looks forward on a system
analysis relying on the experimental assessment which
will be made on a laboratory prototype, taking into
account the use of emerging semiconductor technologies
capable to switch at minimum of 500 kHz, thus giving
compactness to the system.

Moreover, among the known works in literature there
is a lack of control in step-down and step-up power
conversion, due to the design challenges which aim at
achieving high conversion efficiency.

Therefore, a comprehensive analysis will be carried
out in the near future, regarding the control of the
proposed circuital solution. Finally, a system capable of
handling 3 kW, to be compliant with standard
commercial households’ PV systems, will be realized
and measurements on the converter prototype will be
carried out to assess the proposed results.
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